The dynamic adsorption/desorption behavior of VOCs (C 7 H 8 ) was evaluated for mesoporous SBA-15 silicas with four kinds of morphologies and pore sizes on a fixed bed unit. The SBA-15 silica with interconnected rodlike morphology exhibited exceptionally good breakthrough behavior, a higher adsorption capacity, and better desorption performance for toluene. The large dynamic VOC capacity of the interconnected rodlike silica was attributed to the pore system of the micropores and mesopore size, group-togethering rods which can aggregate to enhance the ability of adsorption, together with the smoother surface.
Introduction
VOCs are known as one of the major contributors to the greenhouse effect, ozone layer depletion, the formation of photochemical smog and secondary organic aerosol (SOA) [1, 2] . It is very necessary to find an environmental-friendly way minimizing the release of VOCs into the atmosphere. Among a number of available technologies, adsorption is attractive for its flexibility of the system, low energy and cheap operation costs [3, 4] . Recent researches have shown that the SBA-type material with bimodal pore distribution shows a high affinity for various VOCs due to their complementary micropores [5] [6] [7] . A variety of SBA-15 materials morphologies such as fiberlike, rod, sphere, platelet, gyroid, discoid, sausage and doughnut can be obtained by changing the synthetic parameters [8] [9] [10] . As is reported, these different external morphologies of SBA-15 materials can influence their sorption behaviours [11, 12] . In the process of adsorbents development, morphological study at the micrometer level in mesoporous silicas is still a significant factor in helping to control emission of VOCs. Simple morphologies with short, unhindered path lengths such as small spheres and crystal-like particles as well as short, straight rods are also beneficial for applications. But it is still not very clear about the effect of different morphologies of mesoporous SBA-15 materials on the adsorption/desorption behaviors. Additionally, there has been no morphologies of mesoporous SBA-15. Thus the comparison of the sorption behaviors among different meso-and microstructures of SBA-15 materials with similar textural properties would be very meaningful for further studying the VOCs sorption behavior on mesoporous materials. In our research, four kinds of morphologies of SBA-15 materials synthesized, and the ability of different SBA-15 silicon on toluene sorption was compared and the association between their meso-/microstructures and toluene sorption was discussed.
Experimental Section

Synthesis
Mesoporous SBA-15 silicas were synthesized using triblock copolymer Pluronic P123 (EO20PO70EO20) as the template and tetraethylorthosilicate (TEOS) as the silicate source under acidic conditions. In a typical synthesis, 4.0 g of P123 was added to 120 mL of 2 M HCl and stirred at 40 for 4 h, then, 8.50 g TEOS was added. After 5 min of vigorous stirring, the mixture was kept under static condition at 40 for 20 h, followed by 24 h at different temperatures (60 and 100 ). The sample was assigned as A and B, respectively. Another sample C was synthesized only under the first static period (40 for 20 h). The fourth SBA-15 sample (D) was synthesized in a conventional way: the mixture above mentioned was transferred into Telfon reaction container and kept it at 100 for 2 days. All the solid products were collected by filtration, washed with water, dried at 100 for 24 h, and calcined at 540 .
Characterization
Powder X-ray diffraction (XRD) patterns were obtained with a Rigaku Rotaflex diffractometer
Nitrogen sorption experiments were performed at 77 K on a NOVA 4200e surface area and pore size analyzer. The Brumauer Emmett Teller (BET) method was utilized to calculate specific surface areas. Pore size distributions were derived from the adsorption branches using the Barrett Joyner Halanda (BJH) method. SEM was performed on a JEOL JSM-6360 scanning electron microscope operating at an acceleration voltage of 20 30 kV.
Toluene adsorption
120 mg of pelletized samples were loaded in the adsorption bed and heated at 300 for 30 min under Ar atmosphere. Air was taken and adjusted to keep the total gas flow rate at 55 ml/min. The adsorption capacity was evaluated from breakthrough curves obtained at 25 in a mixed gas flow. Then the samples were purged with air for a period time until the concentration was low enough (less than 5% of original C 7 H 8 concentration). Following the saturation adsorption, as indicated by the stable signals of toluene in the GC and mass spectrometer, the reactor was purged with pure He for 1 h. For the desorption experiment, He was passed through the reactor by ramping the temperature from RT to 400 at a heating rate of 10 /min and a flow rate of 50 mL/min. VOCs concentrations of the inlet and outlet were analyzed by gas chromatography (GC). 
Characterization
Scanning electron microscopy (SEM) images of the SBA-15 silicas are shown in Fig. 1 . Sample A shows small particles (ca. 800 nm in diameter) with uniform morphology. And every small particle is a smooth hexagonal platelet with very short length in long axe direction. Sample B exhibits compact and rough rodlike particle morphology and the size is about 1 μm length and 0.5 μm width. Sample C consists of a large number of rodlike particles ca. 1 μm length and 0.5 μm width. These particles have a great tendency to group together and form long constituents. Sample D shows the fiberlike morphology and the length of the fibers can reach long (20-30μm). Fig. 2. (a) shows the X-ray diffraction patterns of mesoporous A, B, C and D SBA-15 samples. The diffraction intensity of the three peaks for sample A and C are well-resolved peaks in the range of 2 =0.8-2o. The peaks on sample B and D can be indexed as the (100), (110), (200) reflections of the 2D hexagonal ordering in the p6mm space group hexagonal space [13] . For sample A-C, it is found that the position of the (100) peak obviously shifts to higher 2 values due to the smaller mesopore size compared with D and the intensity of all peaks differs which indicates the order degree of the mesostructures. The nitrogen sorption isotherms of all samples show type IV sorption isotherm with an H1-type hysteresis loop at a relative pressure extent of 0.4-1.0, which is characteristic of the mesoporous materials with 1D cylindrical channels in a hexagonal arrangement (Fig. 2b) . The structure properties of different samples prepared are collected in Table 1 . The pore size of the samples ranges from 3.82 nm to 7.72 nm. All samples show an ordered array of cylindrical 1D channels and it is composed of numbers of micropores stacked in a well-ordered 2D hexagonal array. 
Dynamic VOC Adsorption/Desorption Behavior
Breakthrough measurement is a direct method designed to clarify the dynamic performance of VOCs adsorption at low concentration. The dynamic adsorption behavior of C 7 H 8 is evaluated on the mesoporous SBA-15 samples. The breakthrough curve of C sample has an exceptionally good shape, exhibiting a long breakthrough time (ca. 150 min) and a rapid increase after the breakthrough compared to other mesoporous SBA-15 materials. Sample A shows the second longest breakthrough time and a relatively rapid increase after breakthrough but plays the worst adsorption capacity. The adsorption capacity of B sample is much lower than that of sample C because of its shorter breakthough time. The breakthrough time of D SBA-15 sample (about 60 min) is much shorter than that of C while it is still longer than that of A and B. Sample C has a rapid increase in the breakthrough curve, which means that it is little resistant to transfer mass in intraparticle. Therefore, the adsorption equilibrium is traced rapidly after the breakthrough. Fig. 3 (b) shows the desorption curves of the mesoporous SBA-15 samples. It can be noticed that sample C has the highest desorption amount corresponds to its high adsorption ability and the lowest temperature for the start of desorption and the complete elimination of toluene. It is illustrated that it is easier to remove toluene in contrast with other samples. The desorption behaviors of other samples are almost the same, indicating that the difference between their structure does not play an important role on their desorption performance. As is known that, the main channels of VOC removing from mesoporous silicas are the mesostructures. Fig. 3 . The VOC breakthrough curves (a) and desorption curves (b) for four samples. Fig. 4 depicts the relationship of the total pore volume -dynamic VOC capacities and micropore volume -dynamic VOC capacities for all SBA-15 samples. The figure shows that adsorbents with a larger volumetric capacity do not definitely have a larger breakthrough capacity. Only micropore volumes doesn t lead to a high adsorption capacity, either. Compared with the adsorption capacity of MCM-41 sample, it is indicated that the presence of micropores and the appropriate mesopore size directly lead to an increase in the dynamic capacity for these VOCs. Micropores are primarily responsible for the adsorption of gaseous molecules due to the overlap of attractive forces from opposing pore walls [14] . In the analysis, it is observed that the adsorption capacity of samples is concerned with not only the presence of microporosity but also the mesopore size. As the molecule diameter of toluene is about 0.60 nm, large pore size could contribute to the diffusion of but make it difficult to gather the molecules. The previous study has demonstrated that a decrease in the pore size of MCM-41 silicas from mesopores (3 nm) to micropores (1.35 nm) led to a dramatic increase in the dynamic adsorption performance. The macroscopic morphology also plays a great part in the adsorption process. The slower adsorption behavior of the fiberlike particles was the result of hindered diffusion [15] . Additionally, a rodlike SBA-15 100-200 nm in length with a larger mesopore size of 8-13 nm was recently reported to have exhibited a much faster adsorption rate in a similar reaction. It can be seen from the SEM images that roblike particles are interconnected which increases the length of mesochannels, and have the least volume of micropores and the smallest size of the mesopore, so sample C performanced the best adsorption capacity. It is suggested that the adsorption capacity of samples for VOC is concerned with both pore structures and morphology. 
Effect of Pore Structure and Morphology on Dynamic Sorption Behavior
Conclusions
The dynamic VOC adsorption/desorption behaviors were evaluated for four kinds of SBA-15 silicas with different morphologies and distinct structural parameters. Both pore structural and morphological characteristics differ from each other, and these characteristics have proven to be important factors that affect the dynamic VOC adsorption/desorption properties of silica samples. The existence of micropores and the suitable mesopore size in the silica based adsorbents are essential contributory factors in achieving a large dynamic capacity. SBA-15 silicas with interconnected rodlike morphology and the appropriate 2D pore system appear to be suitable for use in a continuous adsorption-recycling system on the basis of both their large dynamic capacity and good desorption performance.
